Abstract-Up to 70% of multiple sclerosis (MS) patients experience cognitive dysfunction during the course of their disease. The most often affected domains are attention, memory, and information processing speed. Sequelae of cognitive dysfunction include negative effects on activities of daily living, employment, and relationships. This article reviews cognitive dysfunction in MS and focuses specifically on assessment, imaging, and risk factors. A number of neuropsychological batteries have been developed specifically for assessing cognitive dysfunction in MS patients. Trade-offs in length, administrative support, and efficiency exist between the various batteries. Modern imaging techniques provide a clearer picture of MS-related damage to the central nervous system, which is the major cause of cognitive dysfunction. Additionally, candidate risk factors have been identified that may help predict which patients will develop cognitive dysfunction.
INTRODUCTION
Neuropsychological research over the past two decades has provided definitive evidence that multiple sclerosis (MS) causes deterioration in cognitive function in 30 to 70 percent of MS patients [1] . The severity of cognitive dysfunction in MS varies, as does the pattern of deficits. The domains that are most often affected are attention, memory, and information processing speed. Visuospatial perception and executive functioning may also be impaired, but language and intellectual function are typically preserved. The cognitive deficits seen in MS implicate a subcortical pathology similar to the subcortical dementias associated with other chronic diseases [2] . Sequelae of cognitive dysfunction include negative effects on activities of daily living (ADL), employment, and relationships [3] .
In a review of the literature, Wishart and Sharpe found significant individual differences in the cognitive presentation of MS [4] . The authors noted that physical symptoms of the disease are not highly correlated with cognitive symptoms. For example, patients with numerous physical symptoms may not have significant cognitive symptoms. Conversely, patients with numerous MSrelated cognitive difficulties may have minimal physical symptoms. Evidence from one longitudinal study indicates that physical and cognitive function tend to converge if follow-up is long enough [5] . Nonetheless, physical disease does not appear to be the best predictor of cognitive dysfunction in MS. Although the variables that lead to cognitive dysfunction in MS are not well understood, advances in neuroimaging and genetic technology provide promising approaches to the discovery of new predictors.
In this article we review cognitive dysfunction in MS and focus on assessment, imaging, and risk factors. Factors that affect the development or progression of cognitive dysfunction will be discussed. Treatment for MS cognitive dysfunction is limited and we refer the reader to recent reports for more information [6] [7] [8] [9] . Therapy options will not be discussed in this review.
ASSESSMENT
Like physical disability, cognitive dysfunction has major implications for ADL, employment, and independence. Because cognitive dysfunction is seen in approximately half of all MS patients [1, [10] [11] , detection, characterization, and monitoring of its progression should be part of routine care. Assessment of comorbid disorders that may influence and even mimic cognitive dysfunction is also important. Among the most common comorbid disorders are depression and fatigue. Recent reports have shown that depression and fatigue are commonly seen with cognitive dysfunction [12] [13] and may be the result of MS-related neuronal dysfunction [14] . Independently, either disorder can cause poor attention and psychomotor slowing. The Beck Depression Inventory [15] and the Fatigue Severity Scale [16] are commonly used for assessing depression and fatigue, respectively.
Since MS can affect various sites within the brain, no single cognitive deficit pattern is characteristic of all patients with MS. However, specific deficits tend to be seen in MS, especially earlier in the disease. These deficits include problems with memory, attention, executive functioning, generative fluency, and information processing speed [1, 10] . This constellation of problems is frequently associated with subcortical lesions as opposed to the deficit patterns often associated with more diffuse cortical brain involvement [17] . Rarely, MS has been found to produce classic cortical deficits [18] . A model for the most commonly seen problems in MS will provide strategies for assessment.
The benchmark for specific assessment of cognitive function in MS patients has been the comprehensive neuropsychological assessment battery. Neuropsychological examinations can be conducted for detecting cognitive changes, monitoring treatment effects, characterizing deficits for rehabilitation planning, or documenting the range of patient impairment for guiding decisions regarding disability. Unfortunately, comprehensive neuropsychological testing can be expensive and rather lengthy. Thus, a main thrust of MS assessment work over the last several years has been the development of shorter batteries for screening. These batteries focus on cognitive dysfunction associated with subcortical disease.
In this article, we emphasize screening methods for detecting cognitive dysfunction associated with MS, identifying temporal trends, and monitoring functional status. The batteries highlighted in [19] . Although the battery has specificity of 94 percent and sensitivity of 71 percent when used for detecting cognitive dysfunction in MS patients, test-retest reliability appears to be low. Thus, the BRB-N may not be useful for monitoring therapeutic efficacy in clinical trials [19] .
A committee sponsored by the Consortium of MS Centers proposed a somewhat longer battery that was time-efficient and comprehensive in its coverage of deficits commonly seen in MS [20] . The Minimal Assessment of Cognitive Function in MS (MACFIMS) was compiled for neuropsychologists to use as a battery; it contains the minimal number of measures necessary for the comprehensive assessment of MS patients. Thus, nonneuropsychologists cannot use it in a general neurology practice. The battery covers major MS cognitive deficits, including processing speed, working memory, learning and memory, executive functioning, visuospatial processing, and word retrieval. The recommended measures for the MACFIMS battery are listed in Table 1 .
The MACFIMS can be administered in approximately 90 minutes. Although adequate sensitivity and specificity were reported in the original article about the MACFIMS, little research using this battery has been published. Thus, no data exist regarding its usefulness in assessing medication efficacy.
An alternate approach that uses a brief, repeatable computerized battery has been piloted as an initial screening [22] [23] . The ANAM test system is composed of approximately 40 tests that assess mood and various aspects of cognitive and motor functioning. The brief computerized battery has been used with MS patients [21] and is similar in length to the BRB-N developed by Rao et al. [1] . Current data support the sensitivity of this brief, automated screening procedure with MS, and investigations of the methodology continue.
Because the ANAM is automated, a patient can complete testing with only the assistance of a test administrator. The training of test administrators will vary depending upon whether they work in a Federal or nonFederal institution and the applicable licensing laws in a given state. The results, however, still require interpretation by a neuropsychologist. Thus, the ANAM could be used in a neurology office for triage. In addition, the ANAM has many alternate forms and can be used for following changes throughout the course of the disease and in response to medication. The ANAM's response-time precision makes it ideal for detecting the subtle changes in information processing speed that are often observed in MS patients. This feature is also helpful for accurately tracking temporal trends or effects of treatment on cognitive status.
Preliminary research with the ANAM indicates that it correctly categorizes MS patients as cognitively intact or impaired. Specifically, a logistic regression indicated that the ANAM accurately predicted the performance of 48 patients as intact or impaired 96 percent of the time [21] . Presently, follow-up studies are being conducted for further validation of ANAM use with MS patients. Of note, an Internet-enabled version of the ANAM will be used in a telemedicine initiative of the VA MS Center of Excellence (MSCoE) East, Baltimore, Maryland.
IMAGING CHARACTERISTICS
Biomarkers of a disease are characteristics that are objectively measured and are indicators of normal biological processes, pathological processes, or pharmacological responses [24] . Neuroimaging is the most well studied biomarker of cognitive dysfunction in MS. Modern imaging techniques provide a clearer picture of damage to myelin and neurons within the central nervous system (CNS), which is the major cause of cognitive dysfunction. Demyelination and axonal transection in white matter lesions are evident on traditional magnetic resonance imaging (MRI) scans. In addition, newer imaging procedures can also differentiate structural damage to neurons in normal-appearing white and gray matter (via MRI spectroscopy and diffusion-weighted MRI) and can map real-time CNS activation during neuropsychological testing (via functional MRI).
Standard MRI provided the earliest evidence that the extent of cerebral involvement is the key predictor of cognitive dysfunction in MS. Overall T2 * lesion area [25] , T1 † and T2 lesion load [26] [27] , and number of juxtacortical lesions [28] predict deterioration across a number of cognitive domains. Given that cerebral atrophy is increasingly associated with worsening MS, volumetric analysis has also been the focus of much recent research on cognition. Studies looking at total brain parenchymal volume have indicated that global atrophy is strongly correlated with development of cognitive dysfunction in MS [29] [30] . When the association between volume and size of individual structures (e.g., ventricle width, bicaudate ratio) and cognitive dysfunction was examined, central atrophy as measured by the third ventricle width more strongly predicted cognitive dysfunction than either global atrophy or lesion load [31] . Such data have led many in the field to consider that brain volume more accurately predicts cognitive dysfunction than traditional lesion burden. Newer brain imaging techniques such as magnetization transfer, diffusion tensor imaging, and functional MRI have enabled researchers to examine brain regions that appear normal on traditional MRI scans. For example, Audoin et al. showed that compared with controls, early relapsing-remitting MS patients had greater activation in * Characteristic decay time caused by dephasing of coherent procession of nuclei following radio frequency pulse. † Longitudinal relaxation time that reflects time taken for nuclei to return to thermal equilibrium. the right frontal cortex, bilateral prefrontal cortex, and right cerebellum when performing an attention task [32] . These changes imply that MS patients use compensatory cortical activations early in their disease course. Diffusion tensor MRI techniques have found moderate correlations among normal-appearing brain tissue, both white and gray matter, and cognitive testing [33] . MRI spectroscopy can been used for quantitation of neuronal loss by measurement of N-acetyl aspartate levels in a desired brain region. Pan et al. found significant correlations between high periventricular N-acetyl aspartate levels and impaired performance on cognitive testing [34] . In sum, mounting evidence indicates that damage to white and gray matter structures within the CNS is significantly correlated with cognitive dysfunction in MS [29] [30] [31] [32] [33] [34] [35] . Continued study and improved imaging techniques may better elucidate the pathology of cognitive dysfunction in MS and the compensatory mechanisms that MS patients with cognitive dysfunction use.
RISK FACTORS
Cross-sectional, retrospective, and prospective study designs can be used for evaluating risk factors. Traditionally, a risk factor is defined as a demographic characteristic, environmental exposure, event, or genetic factor that influences the probability of developing a given condition. It is a broad term that includes biomarkers or any potential etiologic agent under study that may influence a disease. Unfortunately, few studies have evaluated risk factors for the development of cognitive dysfunction in MS. The majority of recent studies have been cross-sectional or retrospective [1, [35] [36] [37] [38] [39] [40] [41] [42] and the remainder longitudinal [5, [43] [44] [45] [46] [47] . Table 2 lists some recently reported risk factors for cognitive dysfunction in MS. These variables should be considered candidate risk factors because many have only been confirmed by a single study. For example, the course Table 2 . Risk factors for cognitive dysfunction in multiple sclerosis (MS) based on selected recent reports.
Risk Factor Finding Length of Disease
Increased risk for cognitive dysfunction with increased length of disease [1] [2] [3] . Race
Increased risk for early cognitive dysfunction in African Americans [4] .
Genetics
Increased risk for cognitive dysfunction with AA (homozygous dominant) genotype of -491 A/T (adenine/thymine) polymorphism of apolipoprotein E gene [5] .
MS Subtype
Increased risk for cognitive dysfunction with progressive course [1, [6] [7] [8] [9] .
MS Disability
Increased risk for cognitive dysfunction with higher Expanded Disability Status Scale scores [1] . Mild Cognitive Impairment Increased risk for cognitive dysfunction with mild cognitive impairment at baseline [10] .
of MS seems to influence the degree of cognitive dysfunction. In a number of studies, cognitive dysfunction was found to be more severe in secondary progressive MS patients than relapsing-remitting MS patients [38] [39] 47] . Primary progressive MS is somewhat unique because, despite disability levels similar to secondary progressive MS, patients' cognitive function is often preserved [38] . This finding is not unexpected because primary progressive MS largely involves spinal cord pathology. Otherwise healthy individuals with mild cognitive dysfunction have been shown to be at risk for more rapid cognitive decline and more frequent development of incident Alzheimer's dementia than individuals with no cognitive dysfunction [48] . Similarly, Kujala et al. found that MS patients with mild cognitive dysfunction at baseline showed rapid declines in cognitive function on neuropsychological testing over a 3 year period compared with MS patients with intact cognitive function at baseline who remained cognitively stable over the testing period [45] .
Some studies have produced inconsistent results when clinical variables were examined as risk factors for MS cognitive dysfunction. For example, increasing length of disease was correlated with worsening cognitive dysfunction in several studies [5, 40, 46] but not others [1] . Similarly, physical disability and MS cognitive dysfunction were not significantly correlated in some reports [1, 46] but significantly correlated in others [5] . A recent longitudinal study of MS patients found that physical symptoms in MS patients progressed at different rates than cognitive dysfunction [5, 49] . These results seemingly indicate a dissociation between cognitive dysfunction and MS disability as measured by the Expanded Disability Status Scale (EDSS) [50] . Some of these disparities are the result of patient populations with differing baseline disability levels and variable follow-up periods.
Racial and genetic characteristics may influence the development of cognitive dysfunction in MS. African Americans with MS were evaluated by the New York State MS Consortium in a longitudinal study of more than 5,600 patients [43] . African Americans were 6 percent of this study cohort and more likely to have higher EDSS scores with increased disease duration. Cognitive dysfunction, as measured by the EDSS cerebral functional system score, developed earlier in the course of MS in African Americans compared with non-African Americans. The functional system score is, unfortunately, an insensitive measure of cognition; formal neuropsychological tests would have provided a more comprehensive picture of the temporal trends. Still, this report indicates that African Americans with MS may be at increased risk for an aggressive disease course.
Oliveri et al. studied whether the apolipoprotein E (APOE) gene polymorphism and the regulatory region of the -491 A/T (adenine/thymine) polymorphism are risk factors for cognitive dysfunction in MS [36] . This gene and various associated alleles have been shown to increase the risk of Alzheimer's disease. While the APOE polymorphism did not significantly predict cognitive dysfunction in MS patients, the AA (homozygous dominant) combination of the -491 A/T polymorphism was associated with cognitive dysfunction.
Finally, Honig et al. demonstrated that visual evoked potentials may be useful markers of cognitive dysfunction in MS patients [41] . They examined the P300 event-related potential in 32 MS patients with cognitive dysfunction. The P300 latency was strongly correlated with cognitive dysfunction but weakly correlated with MS disability as measured by the EDSS. Piras et al. found similar results [46] . Other investigators have found abnormalities in auditory evoked potentials that correlate with cognitive dysfunction in MS patients [42] . Evoked potentials depend on intact cerebral white matter connections, and abnormalities in latency and wave form may help predict or track cognitive dysfunction in MS patients. Larger longitudinal studies are needed for determining whether evoked potential components can be used as predictors of future cognitive dysfunction in MS patients.
CONCLUSIONS
Studies in recent years have clarified the pattern of cognitive dysfunction in MS. A dissociation often exists between cognitive dysfunction in MS and traditional neurological deficits. With increasing numbers of imaging and clinical assessment tools, researchers have started to identify risk factors and biological markers of cognitive dysfunction in MS. Correlations between cognitive dysfunction and neuroimaging parameters, however, remain moderate at best. Newer imaging techniques such as diffusion tensor MRI, functional MRI, and MRI spectroscopy will hopefully better clarify structural-functional relationships. Additionally, because cognitive dysfunction assessment in MS has traditionally been time consuming, efforts should be made toward integrating shorter assessment batteries such as the ANAM into routine clinical examinations. The VA MSCoE East has initiated projects to make these assessments practical and efficient for patients and healthcare providers.
Finding and confirming risk factors for cognitive dysfunction will be challenging because MS is a complex, dynamic disease that evolves slowly. Longitudinal MS studies that assess biological markers and temporal trends in cognitive dysfunction are particularly needed. With the recent advances in molecular neuroscience that have contributed to advances in other dementia disorders [51] , we remain optimistic about the future. The goal of research efforts is early identification of MS patients who will develop cognitive dysfunction. Ultimately, these patients would receive therapy that would modify the disease course in the presymptomatic period.
